Abstract -Overhead transmission lines are crucial components in power transmission systems. Welldesigned maintenance strategy for overhead lines is required for power utilities to minimize operating costs, while improving the reliability of the power system. This paper presents a maintenance priority index (MPI) of overhead lines for a reliability centered approach. Proposed maintenance strategy is composed of a state index and importance indices, taking into account a transmission condition and importance in system reliability, respectively. The state index is used to determine the condition of overhead lines. On the other hand, the proposed importance indices indicate their criticality analysis in transmission system, by using a load effect index (LEI) and failure effect index (FEI). The proposed maintenance method using the MPI has been tested on an IEEE 9-bus system, and a numerical result demonstrates that our strategy is more cost effective than traditional maintenance strategies.
Introduction
During the last two and half decades, the electric power industry all over the world has undertaken significant restructuring. Power transmission utilities need to reduce the operation costs such as the maintenance cost, the repair cost and the electrical supply cost. Meanwhile, they have to maintain sustaining system reliability, which is a critical factor for the power system. Well-designed maintenance strategy for transmission equipment is required for this purpose [1, 2] . One of crucial components in power transmission systems is overhead lines on which periodic maintenance to be called Time-based maintenance (TBM) is commonly applied. As an example, Korea Electric Power Corporation (KEPCO) conducts routine inspections every two years and detailed maintenance every five years [3] . However, even though this approach is easy to schedule and results in high system availability, it may not be cost effective. Maintenance scheduling techniques involving condition monitoring have been proposed in [4] [5] [6] . These include condition-based maintenance (CBM), which maintains system reliability while reducing maintenance costs. CBM is driven by the actual condition of an overhead line, but it does not take into account on how the system is impacted by the failure of that line [7] [8] [9] .
In recent years, Reliability-centered maintenance (RCM) has been employed for enhancing physical condition of the overhead line in the whole system. Most researches have been proved that RCM is more cost effective than the traditional approach [10] [11] [12] [13] . However, in a realistic system it may be difficult to apply the RCM framework without quantifying the impact of components on system reliability. In order to evaluate this impact effectively, several techniques have been tried out in this task. In [14] , the important indices could be used to measure component reliability. A fundamental characteristic of these indices is focused on two-state systems (serial and / or parallel couplings between two nodes), which is based on probability techniques, but it is difficult to apply for electric power networks. In [15, 16] , the interruption cost based importance index and the maintenance potential were presented in electrical networks. These indices are traditionally based on analytical technique which uses total interruption cost instead of probabilities for the sensitivity studies in [14] . These methods could be also developed for the network structure which is composed with several load points and distribution systems. However, when there are more complicated systems with repairable components and time varying failure rates, it is not easy for these indices to solve with analytical techniques. To solve this problem, Monte Carlo simulation technique was presented in the distribution system [17] . However, the above importance indices do not provide accurate information about main-tenance priority because the importance of components is not always to be criteria of maintenance priority. Therefore, the maintenance priority should be considered both the state and importance of each component. An approach of prioritizing distribution maintenance considered both were presented in [18] . However, the authors only analyze the application of system reliability with the traditional indices, rather than evaluating the developed measures. In spite of performed research in this area, more accurate and robust methods are still required.
In this paper, a maintenance priority index (MPI) of overhead transmission lines is proposed. The MPI is composed with the condition of the overhead line at an arbitrary time through the state index and its criticality to the transmission system via the proposed importance indices. The main contributions of this work are the development of new importance indices that are suitable for transmission systems. The previous importance indices are applicable for two-state systems, simple systems having a few load points or distribution systems. Although these existing importance indices are surely suitable for those systems, these are not capable to apply for transmission systems. Since transmission systems are the meshed network system, these existing indices based on the interruption cost could not be evaluated. Unlike distribution system, one component' failure in transmission systems hardly affect to the system outage. Even though system total generation cost probably increases due to one component's failure, it is very rare that outage cost is occurred. In an effort to improve this problem of existing indices, new importance index for transmission components (especially overhead transmission lines) is proposed by using load effect index (LEI) and the failure effect index (FEI). In overhead transmission lines, uncertainties are widely classified into loads and failures. In order to evaluate the importance of transmission overhead lines by load uncertainty, the LEI is presented. The amount of increased power flow at transmission line between two buses is the criterion to determine the importance of transmission lines in a situation of load growth. In the case of a line failure, the generation cost from contingency factors is another measure of the transmission line's importance. For this, The FEI is also presented as an importance index. The MPI can be easily achieved for cost-effective maintenance strategy as reliability centered approach, by combining each state and the proposed importance indices of overhead lines. Consequently, these proposed indices can be used as an indicator of importance of overhead transmission line associated with load growth and transmission line failure.
The remaining parts of the paper are organized as follows. Section 2 presents the state index for overhead lines. Section 3 provides the proposed importance indices used to evaluate the overhead transmission lines. Section 4 proposes the MPI for cost-effective maintenance strategy of the transmission system. Section 5 describes a case study and compares our approach to the previous maintenance methods. Section 6 outlines our conclusions.
State Index of Overhead Transmission Line

State Index (SI)
The state of an overhead line changes for many reasons, such as aging and accidents. These cause the line condition to deteriorate and may even make the line fail. Fig. 1 shows the state model of overhead lines [19] . The operating condition of the line is divided into several states, and the probabilities of transition from one to another are exponentially distributed. As shown in Fig. 1 
State definition of overhead transmission line
The state model of the overhead transmission line needs to be tailored to the specific line characteristics. The selection of the deterioration states may vary from one utility to another. The deterioration states are defined based on inspection methods and criteria used by transmission utilities [20] . Table 1 shows a summary of the reasonable assumptions for the state model used in this study. The sag behavior of the overhead line, the temperature and tension of this are used to determine each state because it indicates line aging and change of the surrounding environment [21] , [22] . Line's tension is strongly related the behavior of sag, although this is one of the factor that decide the state of the overhead line. That is why the tension of the overhead line is neglected in this paper. The temperature of the overhead line is not strictly proportional to the sag behavior. This is used as one of criteria indicating the line state. However, precise values of the line temperature are not presented because the proper line temperature is different according to voltage level of the overhead line. Sag in excess of the normal state indicates an accident such as the impact of a falling tree or excessive line age. We define the state of the overhead line as D1 when the line sag increases by 1~2 meter or the line temperature is abnormal. D2 is also defined when the sag increases by more than 2 meter or the line temperature is too high. Table 1 shows also the transition and repair rates for each state. Because obtaining an accurate value is impossible due to limitations of historical data, we have assumed reasonable values for the transition rate. Transition rate is closely related to mean time to transition. For example, when average life of a transmission line is 50years, mean time to failure from normal state is 50years and transition rate from normal state to failure gets 0.02. In this way, we have assumed that mean time to failure, mean time to transition from normal state to D1, from D1 to D2 and D2 to failure are 50 years, 20years, 20years and 10years respectively. On the basis of this assumption, we derived the transition rates as shown in Table 1 . 
Proposed Importance Indices of Overhead Transmission Line
An importance of overhead line is requested for planning effective maintenance of power transmission systems. The indices of overhead transmission line proposed in this paper focus on the load growth analysis and contingency analysis. In the case of load growth, the amount of increased line flow between two buses is the criterion to determine the importance of overhead line. Then, to quantify this value, the LEI are used as an importance index. In the case of a line failure, the generation cost or occasionally outage cost from contingency factors are another measure of the overhead line's importance. For this, The FEI is also presented as an importance index. Once the proposed importance indices of overhead transmission line have been determined, it is reasonable that transmission utilities refer to these indices for the maintenance action, and they can reduce additional costs.
Load Effect Index (LEI)
Load growth will increase the flow on some overhead lines, while decreasing or not affecting the flow on others. In our work, the critical overhead lines under highly stressed operating conditions can be chosen on the basis of a prediction of a potential vulnerability of the system when there is a possibility that the power flow can increase much more than others for a specific load growth, and then the LEI is calculated as follow:
where LEI i,j is the i th load effect index of the j th overhead line. IF i,j is the power flow on the j th overhead line when the i th load is increased, and NF j is the j th line power flow in steady state. The LEI of the j th overhead line for the average value of all loads is given by:
where N is the number of loads.
Failure Effect Index (FEI)
Overhead line faults adversely affect the power flow on other lines and the generation cost, and then these situations may cause large-scale blackout. Thus the importance of overhead lines should be also related to the impact of their failure. In general, the importance of an overhead line depends on its location. Since the failure of significant overhead lines has a huge impact on the transmission system, these effects can be evaluated, which is based on the amount of increased generation cost and interruption costs in a contingency situation. The FEI of the j th overhead line is computed as follow:
where FEI j is the failure effect index of the j th overhead line. IC j is the increased cost due to the j th line fault and NGC is the generation cost in normal state. As shown in (4), this equation is calculated by dividing the increased cost due to the j th overhead line fault by the generation cost in normal state.
Transmission Line Maintenance Priority Index for Overhead Transmission Lines
As mentioned earlier, the maintenance of overhead lines depends on their condition and relative importance. When two overhead lines, i.e. line A and line B, are equally important, if the line A is deteriorating faster than the line B, then the line A can obtain a higher maintenance priority. On the other hand, when the two lines have the same physical condition, if line A is more important than the line B, the maintenance priority of line A can be higher. Accordingly, the transmission utility has to consider both the state and importance of each line for developing reliable maintenance strategy. To that end, the MPI is defined as follow:
where MPI j (t) is maintenance priority index of the j th overhead line at time t. α and β are weighting factors, respectively. The maintenance decision d j (t) of line j at time t is given by:
By using (5), the transmission utility observes the condition of the overhead line using a sensor, and the each state of the overhead line at an arbitrary time is determined. The transmission utility sets the maintenance priority of each line when MPI j (t) is greater than the maintenance criteria index (MCI). If the value of MCI is too small, unnecessary maintenance will occur, and the operating costs will be high. Whereas, if the value of MCI is too large, the overhead lines will be out of order and bring about the adverse effect on system reliability. Thus, an appropriate MCI value is very important for optimal maintenance strategy. After that, the development of MPI can be easily achieved for cost-effective maintenance strategy of the transmission system, by combining each state and importance index of overhead lines.
Numerical Results
The validity of the proposed method was tested on the IEEE 9-bus system and the IEEE 30-bus system. First of all, in order to verify clearly the effectiveness of the one, the IEEE 9-bus system was employed. The IEEE 30-bus system was used to demonstrate the adequacy to larger practical system. The results were then compared to the conventional time-based maintenance strategies and conditional-based maintenance strategies.
The IEEE 9-bus system results
The IEEE 9-bus system consists of three generators, nine transmission lines, and three loads as illustrated in Fig. 2 . The bus data and the line parameter related to the test system are shown in Table 2 and Table 3 , respectively. Table 4 shows the generation, outage and the overhead line cost data that are the maintenance costs and the repair costs. With this cost data, the annual operation cost could be calculated. First of all, the total operation cost is obtained by summation of the maintenance costs, the repair costs, the generation costs, and the outage costs for each overhead line during the simulation period. Finally, the total operation cost is normalized by simulation years and that is the annual operation cost. The generation cost in normal state, NGC, per hour in the test system was 5296.69$/hr with a total load of 315 MW. The buses are numbered 1-9, while ①-⑨ indicate the overhead line numbers. The #5 bus load, #7 bus load, and #9 bus load are designated by the 1 st load, 2 nd load, and 3 rd load, respectively. Table 5 shows the LEI calculated by using (2) and (3) when all loads are increased by 10% in the IEEE 9-bus test system. Here the LEI 1,,j represents the index of j th overhead line when the 1 st load increases. Similarly, the LEI 2,,j and LEI 3,j are values when the 2 nd load and 3 rd load increase by 10%, respectively. That is, 1 st load increases from 90MW to 99MW; 2 nd load increases from 100MW to 110MW; and finally 3 rd load becomes from 125MW to 137.5MW. The fifth column indicates the NF j and the sixth column presents the LEI j . As shown in Table 5 , when the 1 st load increases, the volume of which #② line is affected is largest. #⑤ line is strongly influenced by the increase of 2 nd load. Moreover #⑨ line is seriously affected by the increase of 3 rd load. Consequently, it is clear that #② line is the crucial line because the LEI of #② line is higher than other lines. Table 6 shows the IC and FEI at each overhead line calculated by using (4) when the overhead line fault occurs. As shown in Fig. 2 , overhead lines ①, ④, and ⑦ are critical for transmission system operation. If those lines are out of order, then the power flow solution may not converge. The volume of power outage is 315 MW occurs when overhead lines ①, ④, and ⑦ are out of order. Then IC 1 , IC 4 , and IC 7 are equal to 31,500 $/hr, which is based on outage cost of 100 $/MWh shown in Table 4 .
In order to find the optimal MCI value, a sequential Monte Carlo simulation was used for state transition of overhead lines over time [23] . The MCI value can be changed by depending on the transition rate of each unit, cost, and simulation time because the simulation method, which is based on probability techniques. First of all, the transmission utilities have to calculate the optimal MCI of each system by adjusting the simulation time and probability parameters appropriately. Fig. 3 shows the annual operation costs for each MCI.
We assumed that alpha(α) and beta(β) are the same value as '1' in order to show effectiveness of the proposed method easily. It is necessary to compute optimum values for alpha and beta according to transmission operator or transmission utility. However, since we focused on suggestion of the MPI, we leaved this problem to transmission utility. In this simulation, the annual operation cost over 50 years is lowest when maintenance is based on MCI = 1.055 for each overhead line. It means that the proposed method recommended the maintenance criteria index value (1.055) to transmission utility operating overhead lines in IEEE9-bus system. The transmission utility will maintain overhead lines based on the MCI not by time-based maintenance schedule any more. In that, it will only execute a proper maintenance on overhead lines whose MPI is more than the recommended MCI .
When the MCI is less than 1.055, the annual operation costs have highly values. It means that unnecessary maintenance action occur during sustaining system reliability. On the other hand, if the MCI is too large, the overhead lines will be out of order due to short maintenance. In the end, it is clear that there are the adverse effects on system reliability by increasing the generation costs or outage costs. Table 7 shows the comparison with the annual operation costs between TBM, CBM, and the proposed method. For the sake of a fair comparison, the same conditions are selected, which correspond to the simulation times.
From Table 7 , it can be seen that the annual operation costs of TBM is obviously highest values, comparing with the maintenance strategies. Because of that TBM involves the unnecessary expense, which is based on the maintenance costs to ensure the reliability. Besides, TBM is not considered the actual condition of overhead lines. On the other hand, CBM is only driven by the actual condition. According to the importance in transmission system, the maintenance actions could be different even though each state of overhead lines is same. However, CBM is surely carries out the maintenance action to equipment when each state turns into specified state. Thus, the annual operation cost of CBM is more than that of the proposed method, while the annual operation cost of CBM is even less than that of TBM. It should be noted that the proposed maintenance method is more cost effective than previous methods such as TBM and CBM. Moreover, by using the MPI, transmission utilities can easily achieve optimal maintenance action to evaluate the impact on system reliability.
The IEEE 30-bus system results
The IEEE 30-bus system has 6 generators, 41 lines. The test data (bus data, line parameters, and generation cost) for these two test systems are taken from the MATPOWER toolbox [24] . Table 8 and Table 9 show the LEI and FEI for the overhead lines of IEEE 30-bus test system. Since the evaluation process of LEI j is already shown in IEEE 9-bus case, the detailed evaluation process such as obtaining LEI i,j was shortened in this section. Fig. 4 shows the annual operation costs for IEEE 30-bus system with each MCI. In this simulation, the annual operation cost over 50 years for IEEE 30-bus system is lowest when maintenance is based on MCI = 2.16. Table 10 shows the comparison with the annual operation costs between TBM, CBM, and the proposed method.
As shown in Table 10 , the proposed maintenance method is more cost effective than previous methods such as TBM and CBM. This results shows that the proposed method is still effective for larger practical system.
Conclusion
This paper proposed an effective reliability-centered maintenance strategy in overhead transmission lines. Unlike existing maintenance methods of overhead lines, our maintenance strategy, based on MPI, not only considers the physical condition of overhead lines but also demonstrates the importance of system reliability. The MPI can be easily achieved for cost-effective maintenance strategy by combining each state and importance index of overhead lines. Especially, the proposed importance index on MPI (LEI and FEI) also enables overhead transmission lines to be estimated their importance of system reliability. The validity of the proposed method has been tested on an IEEE 9-bus system. According to the proposed maintenance strategy, the transmission utility observes the condition of the overhead line using a sensor in order to define each state and evaluate its MPI. The priority for maintenance of overhead lines is determined whose MPI is greater than the MCI, by calculating through a sequential Monte Carlo simulation. Obtained results have been presented and compared with those of TBM and CBM, simple application of our method that shows reasonable results of the proposed strategy, because of cost effectiveness in the reliability approach. In addition, the system information obtained by using MPI of each overhead line can provide useful guidelines to the transmission utilities, when their maintenance strategy is developed for transmission planning. The research work is under way in order not only to develop better reliability centered approach in large scale power system, but also to find a suitable weighting factor, thereby combining incommensurable objectives such as LEI and FEI.
Appendix
In order to further evaluate previously developed and proposed indices, a small system is analyzed. The system topology is depicted in Fig. 5 . The model assumes faultless automatic breakers, which isolate failures without affecting the rest of the network. The components in the test system have exponentially distributed failure and repair times. The data are presented in Table 11 and Table 12 .
One of the previously developed importance indices is the failure criticality index (I FC ). This was developed in order to obtain a reliability index from existing reliability simulation routines. The basic idea is to divide the number of system failures caused by component i in (0,t) by the total number of system failures in (0,t) [25] , as follows:
where n i is the number of system failures caused by component I, and N is the total number of system failures. Another importance index derived from simulations is the index (I M ), which calculates customer interruption costs. I M is calculated by assigning the total interruption cost caused by an interruption to the component identified as the final cause of the interruption. The accumulated cost over time for the component is then divided by the total simulation time. This index is defined as follows [16] :
This includes the assumption of independent components with exponentially distributed failure and repair times. The applied simulation technique is event-driven.
The proposed importance index is applied to the test system to determine whether or not reasonable results can be obtained. The LEI is calculated by increasing the load by 10%, and the FEI is calculated by inducing component faults. In this case, the NGC is assumed to be 7000 [$/hr]. Table 13 compares the results for the previously developed and proposed indices.
It can be seen that all of the indices produce similar results in this test system (a simple distribution system). Component no. 3 is consistently the most important piece of equipment in the test system, and no. 1 and no. 2 have similar importance values. Thus, the proposed importance index provides reasonable results for the test system, in comparison with the existing indices.
In order to compare these indices in a transmission system, the IEEE 9-bus system is again employed; the simulation results are presented in Table 14 . Table 4 lists the cost data used in the simulation, and the failure rates and repair times are given in Table 1 As Fig. 2 indicates, overhead lines ①, ④, and ⑦ are critical for transmission system operation, and these lines have higher importance values than the other lines. However, the existing importance indices (I FC , I M ) are not able to distinguish between the other overhead lines, because they are all assigned a value of zero. Thus, failure of overhead lines other than ①, ④, and ⑦ does not lead to system failure or any curtailment of the load, and these results are expected to occur in other transmission systems. Therefore, overhead line maintenance based on these existing indices only depends on the physical condition or maintenance period of the lines. On the other hand, the proposed importance indices (LEI + FEI) has the ability to distinguish the importance of overhead transmission lines whose failures do not lead to system failure. One reason for this is that we use the increased cost (IC) due to a line fault instead of an interruption cost. IC becomes an interruption cost if a system failure occurs, or an increased generation cost if there is no system failure, even though an overhead line is out of order. Another reason is that we consider the LEI of an overhead line as an importance index. Since the LEI represents the importance of an overhead line when all loads are increased, it is suitable for transmission systems. 
